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Age-related changes occur on all stages of the human somatosensory pathway, thereby deteriorating tactile, haptic, and
sensorimotor performance. However, recent studies show that age-related changes are not irreversible but treatable through
peripheral stimulation paradigms based on neuroplasticity mechanisms. We here applied repetitive electric stimulation (rES)
to the ﬁngers on a bi-weekly basis for 4 weeks to induce enduring amelioration of age-related changes in healthy individuals
aged 60–85 years. Tactile, haptic, and motor performance gradually improved over time of intervention. After termination of rES,
tactile acuity recovered to baseline within 2 weeks, while the gains in haptic and motor performance were preserved for 2 weeks.
Sham stimulation showed no comparable changes. Our data indicate that age-related decline of sensorimotor performance can
be ameliorated by rES and can be stabilized by the repeated application. Thus, long-term application of rES appears as a prime
candidate for maintaining sensorimotor functions in elderly individuals.
1.Introduction
Getting older is associated with a decline of cognitive
and sensorimotor abilities. As for the sense of touch, age-
related changes develop at all stages of the somatosensory
processing pathway. Skin conformance is altered [1, 2],
although mechanical properties of the glabrous skin might
only have minor impact on discriminative abilities in elderly
subjects[3,4].Besidesmorphologicalchanges,thedensityof
Meissner’s and Pacinian corpuscles decreases in old age [5–
9], while Merkel-neurite complexes appear to be less aﬀected
[6, 9–11]. Additionally, nerve conduction velocity (NCV)
and sensory nerve action potentials (SNAP) slow down
[12–16] .T h e s ec h a n g e sa r ea s s u m e dt ob ed u et oa na g e -
related reduction in the number and density of myelinated
peripheral nerve ﬁbers and a decrease in thickness of the
myelin in the remaining ﬁbers [17, 18]. There is evidence
for substantial changes in gray matter density of the aged
human CNS [19], with a nonlinear decline that is most rapid
between 7 and 60 years, over dorsal frontal and parietal
association cortices on lateral and interhemispheric surfaces
[20]. Furthermore it was shown in PET and fMRI studies
that prefrontal cortex activity tends to be less asymmetric in
older than in younger adults [21]. Using multichannel EEG
recordings in combination with electric source localization
we have recently demonstrated that the size of the hand
representation in the primary somatosensory cortex was
increased in old subjects as compared to young adults in
parallel with impaired tactile acuity [22].
Conceivably, the combined age-related alterations devel-
oping in the peripheral and central nervous system dra-
matically aﬀect somatosensory information processing. For
example, tactile acuity decreases in old age [4, 23–26], which
is particularly severe in the more distal extremities [27, 28].
Interestingly, the impairment of tactile acuity is coupled
with reduced dexterity scores as measured in a common
pegboard test [25]. These results indicate that reduced
acuity negatively aﬀects ﬁne motor performance in everyday
activities such as grasping and handling small objects. Even
simple activities of everyday life like buttoning a shirt or
tying shoes are almost impossible when sensory information
from the ﬁngertips is corrupted. Recently we demonstrated
the eﬀects of mechanically shielding the ﬁngertips on haptic
and ﬁne motor performance [29]. We found a signiﬁcantly
stronger impairment of elderly subjects’ performance as
comparedtoyoungsubjects,indicatinganincreasedneedfor2 Neural Plasticity
tactileinformationinoldagetoachievepropersensorimotor
performance.
Thetypical approachtoameliorateage-relatedchangesis
to subject elderly individuals to intense schedules of training
and practicing, and there is no doubt about the eﬀective-
ness of training-based intervention even at an advanced
age [30–33]. Since many elderly individuals suﬀer from
restricted mobility [34], however, additional and alternative
approachesareneededthatsupplementandenhance,oreven
replace, conventional training procedures [35, 36].
Several years ago we introduced a paradigm that consti-
tutessuchanalternativeapproachtotraining:aspeciﬁcform
of repetitive sensory stimulation based on Hebbian synaptic
plasticity to drive perceptual learning in young and adults
[37]. In this paradigm, synchronous neural activity is evoked
by tactile costimulation of small skin portions of the tip of
the right index ﬁnger for a few hours. As a result, the ﬁnger
representation in somatosensory cortex enlarged and tactile
acuity improved [38–40]. In order to demonstrate that coac-
tivation is mediated by established plasticity mechanisms,
we tested its dependency on NMDA receptor activity. To
scrutinize the role of NMDA receptors for activation-based
plasticity, we used memantine, a substance known to block
NMDA receptors [41]. We found that memantine eliminates
coactivation-induced learning, both psychophysically and
cortically. On the other hand application of neuromodula-
tors such as amphetamine, which are used to support stroke
rehabilitation by alteration of synaptic eﬃcacy [42], resulted
in almost a doubling of the normally observed improvement
of tactile acuity and of cortical reorganization [40].
Recently we reported that this form of repetitive sensory
stimulation is highly eﬀective in elderly subjects as well [26,
36]. The unique advantage of the stimulation is its passive
nature, that is, it does not require the active cooperation
and involvement of the subject. Even more, attention is
not required to drive plastic changes implying that the
stimulation can be applied in parallel to other occupations
and therefore might be substantially easier to implement and
has a higher chance of being accepted as intervention.
In recent years we further optimized the paradigm in
several respects. For example, the duration of application
was reduced to 20 minutes [43] and the stimulation was
extended from a single ﬁnger to all ﬁngers of a hand [44]. In
order to further explore the eﬀectiveness and practicability
of repetitive sensory stimulation, we here combine the
advantage of short stimulation protocols and multiﬁnger
application with the advantages of electrical stimulation
instead of using mechanical devices. Moreover, instead of a
single application we here use a long-term treatment over 4
weeks. Our data show that under the described stimulation
conditions, improvement of sensorimotor functions can be
induced and maintained for at least 2 weeks.
2. Methods
2.1. Subjects. We investigated 7 right-handed elderly subjects
(range:66–79years,meanage:74.3±4.4years).Inaddition,4
right-handed elderly subjects (range: 75–78 years, mean age:
76.5 ± 1.3 years) served as controls. There was no signiﬁcant
age diﬀerence between the subjects of both groups (P =
.359). In all subjects, handedness was determined using the
“Edinburgh Handedness Inventory” [45] .A l ls u b j e c t sg a v e
their written informed consent before participating. The
study was approved by the local Ethics Committee of the
Ruhr University of Bochum.
All elderly subjects were neurologically healthy, as
assessed by a detailed questionnaire provided by a clinical
neurologist. Individuals with polyneuropathy, peripheral
nerve lesion or other neurological disorders were excluded
from the study. Eligibility criteria were lucidity, indepen-
denceinactivitiesofdailyliving,absenceofmotorhandicaps
like functional impairment because of arthritis, or other
causes of joint immobility. Furthermore, medication with
central nervous eﬀects in present or reported history was
a criterion for exclusion. Tactile sensibility of the subjects’
hands was checked prior to the experiments to test for
neuropathies (cf. [26]). Additionally basic cognitive abilities
were assessed using the “Mini Mental State Examination”
[46].
2.2. Time Schedule. T h et i m es c h e d u l eo ft h ee x p e r i m e n t s
comprised of six weeks, with two interventions of repetitive
electric stimulation (rES) per week (Tuesday, Thursday) for
w e e k1t ow e e k4a n dn oi n t e r v e n t i o ni nw e e k5a n dw e e k6 .
Measures of tactile, haptic, and ﬁne motor performance were
conducted before (pre)a n da f t e r( post) the ﬁrst interventions
in week 1 and after every second intervention in weeks 2,
-3, and -4 (post-w2, post-w3, post-w4). In week 5 and week
6 sensory and motor performances were assessed on every
Thursday (rec-w1 and rec-w2).
2.3. Repetitive Electric Stimulation (rES). The rES was
applied for 30 minutes per session. The rES-sequence was
the same as described before [43] and consisted of stimulus-
trains of 1s (single pulse-duration: 0.2ms (square), fre-
quency: 20Hz) and intertrain intervals of 5s. The sequence
was played back from a digital storage that triggered a
standard two-channel TENS device (SM2-AKS, Pierenkem-
per, Germany) via a custom-made input-channel. Output
channel 1 was used for stimulation of predominantly N.
medianus-innervated ﬁngers d1–d3 (thumb, index- and
middle ﬁnger) and output channel 2 for predominantly N.
ulnaris-innervated ﬁngers d4 and d5 (ring- and little ﬁnger).
The pulses were transmitted by adhesive surface electrodes
(1 ∗ 4cm, Pierenkemper, Germany) ﬁxed on the ﬁrst
and third ﬁnger-segment (cathode proximal). Stimulation
intensity was adjusted to the twofold sensory threshold
resulting in an average initial stimulation intensity of 16.4 ±
1.8mA on d1–d3 and 10.7 ±2.4mA on d4 and d5.
For sham stimulation in the subjects of the control group
the electrodes were ﬁxed but no current was transmitted
during the interventions. Subjects were instructed that there
was a subthreshold stimulation not creating any sensation.
2.4. Two-Point Discrimination. Spatial two-point discrimi-
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right hand using the method of constant stimuli as described
previously [26, 35, 37–40, 44]. We tested seven pairs of
brass needles; in addition, zero distance was tested with a
single needle. To overcome problems in the use of two-point
measurements associated with hand-held probes, we used a
speciﬁcally designed apparatus that secures a standardized
formoftesting(cf.ﬁguresin[35,36]).Theapparatusallowed
rapid switching between pairs of needles featuring diﬀerent
separations or one single needle (control condition). All
tactile stimuli were applied to a ﬁxed position on the skin
of the ﬁngertips for approximately 1s. According to own
unpublished data, acuity thresholds obtained by gratings or
by two-point measurements are largely equivalent (Pearson-
correlation, r = 0.716, P ≤ .001,n = 22 subjects), although
thresholds obtained by gratings are slightly lower in general.
To account for the age-related decline in tactile acuity [23–
26, 35, 36], we used larger needle separations for the elderly
subjects (i.e., 1.5, 2.3, 3.1, 3.9, 4.7, 5.6, 7.0mm) than usually
used for young subjects (0.7–2.5mm). The diameter of the
needles was 0.7mm and the diameter of the blunt endings
was 200μm. Application-force was about 150 to 200mN.
Fixation of the tested ﬁngers prevented the subjects from
explorative ﬁnger movements. As described previously, test-
retest reliability using this procedure was 0.90 for young
subjects, and 0.88 for elderly subjects [36]. All eight-test
conditions were presented eight times in randomized order
resulting in 64 tests per session. The subjects, who were
not informed about the ratio of needle-pairs and single
needles (i.e., 7:1), had to decide immediately if they had
the sensation of one or two needles. They were instructed
to classify the percept of a single needle or doubtful stimuli
as “one” but the distinct percept of two stimuli as “two.” The
summed responses were plotted against the needle-distances
resulting in a psychometric function, which was ﬁtted by a
binary logistic regression (SPSS; SPSS Inc., USA). Threshold
was taken from the ﬁt where 50% correct responses were
reached. All subjects had to attend two training sessions
to become familiar with the testing procedure before the
assessment was ﬁnally started in the third session.
2.5. Haptic Object Recognition Test. The ability to recognize
objects by explorative hand movements, that is, by haptic
impression only, was tested by means of a custom-made
visuohaptic test [26]. Conceivably, the identiﬁcation of com-
mon objects depends massively on top-down information
and is based on previous knowledge and former experience
rather than manual exploration performance alone. To
prevent the inﬂuence of previous knowledge and to create
a comparable situation for all subjects, unfamiliar instead
of common objects were used. The test consisted of ﬁve
diﬀerent groups of unfamiliar cubic objects (1.5 ∗ 2.7 ∗
4.7cm) made from common LEGO bricks (cf. ﬁgure in
[35]). In each group, objects consisted of a speciﬁc number
of rectangular bricks protruding on the sides in various
positions. These constructional diﬀerences were highlighted
by color to facilitate visual identiﬁcation. One sample of each
group was placed clearly visible on the desk in front of the
subject. In a familiarization phase the subjectwasintroduced
in the structural features of the objects by the experimenter
by unrestricted haptic and visual exploration. Afterwards the
subjects were informed about the objective of the test: a total
of 17 objects, hidden in a fabric sac, had to be explored
by haptic perception only, that is, by explorative hand
movements of the right hand. After the haptic exploration
of one sample and coming to a decision about the group the
object was assumed to belong to, it had to be placed in a box
behind the speciﬁc sample on the desk. No visual veriﬁcation
during this process was allowed. After one initial training
session all subjects indicated good comprehension of the
test. Individual performance was assessed by measuring the
time to fulﬁll the test and by counting the number of
errors from three consecutive sessions. After each session the
subjectsreceivedfeedback,aseverysingleobjectwaschecked
according to their classiﬁcation. Thereby the experimenter
informed the subjects about possible errors. As the subjects
were instructed to perform the test as fast and as accurate
as possible, there is a tradeoﬀ between speed and accuracy.
Numerically, the large ﬂuctuation in the standard deviations
of the number of errors comes from the fact that some
subjects make one or two errors, others perform with zero
errors,whichyieldmeanvaluesintherangeofonewithlarge
standard deviations, which therefore are much higher than
typically found in the other test variables.
2.6. Pegboard Test. To test for ﬁne motor performance we
used a pegboard setup that is part of a commercial test-
battery (MLS, Dr. G. Schuhfried GmbH, M¨ odling, Austria).
The square pegboard (30 ∗ 30cm) carries two rows of 25
small holes, one on the left side and one on the right side.
Two containers, each equipped with 25 metal pegs, were
placed in 30cm distance from the right and left side of the
board. The subjects were asked to pick the pegs with their
righthand,onebyone,fromacontainerandinserttheminto
the holes on the pegboard. If one of the metal pegs dropped
during the transfer, they were instructed to go on with the
next one. During the test the experimenter measured the
time to complete the test and additionally the number of
dropped pegs (i.e., errors). The test was performed in a
standard version using long pegs (5 ∗ 0.25cm) and in a
demanding version using short pegs (1 ∗ 0.25cm).
2.7. Statistical Analyses. To track improvement in spatial
discrimination performance (thresholds of all ﬁngers; d-
prime values for data of all ﬁngers), haptic performance
(time to fulﬁll the test and number of errors), and ﬁne motor
performance (time to fulﬁll the test and number of errors
for both versions of the test) we used repeated measures
(rm) ANOVA with factors GROUP and SESSION, pairwise
comparisons of single-session data were done by means
of posthoc tests (one-sided Dunnett-tests with ﬁrst session
as reference and data<reference, Bonferroni and LSD).
Additionally false alarm rates and hit-rates were calculated
for data obtained in the two-point discrimination test and
used for the evaluation of d-prime values (i.e., bias-free
discrimination indices) [47]. For the calculation of these4 Neural Plasticity
indices the false alarm rate was adjusted to 0.125 by default,
if no false alarm was detected in a given session.
3. Results
3.1. Two-Point Discrimination. Baseline performance in
two-point discrimination of all subjects was compared
by means of two-tailed t-tests, showing no signiﬁcant
diﬀerences for thresholds of ﬁngers d1 (target: 3.55 ± 0.30;
control: 3.59 ± 0.31; P = .861), d2 (target: 3.52 ± 0.26;
control: 3.63 ± 0.36; P = .566), d3 (target: 3.91 ± 0.19;
control: 3.83 ± 0.10; P = .474), and d5 (target: 4.75 ± 0.32;
control: 4.44 ± 0.20; P = .120). The thresholds of ﬁnger d4
diﬀered signiﬁcantly as subjects of the target group revealed
higher thresholds compared to subjects of the control group
(target: 4.41 ±0.25; control: 4.08 ±0.16; P = .041).
The investigation of changes in two-point discrimination
performancewasconductedbymeansof rmANOVAfordata
obtained on every single ﬁnger of subjects in the target and
control group. We found a signiﬁcant interaction between
the factors SESSION and GROUP for data obtained on d1
(F(6,54) = 5.972, P ≤ .001), d2 (F(6,54) = 6.672, P ≤ .001), d3
(F(6,54) = 13.497,P ≤ .001), d4 (F(6,54) = 10.192, P ≤ .001),
and d5 (F(6,54) = 9.270, P ≤ .001), with signiﬁcant threshold
changes only in the target group (Figure 1(a)) and not in
the control group (Figure 1(b)). The analyses of rES-evoked
improvement of the two-point discrimination performance
by means of Dunnett posthoc tests revealed a signiﬁcant
reduction of thresholds of d1, d2 and d3 for sessions post
(P ≤ .001), post-w2 (P ≤ .020), post-w3 (P ≤ .006) and
post-w4 (P ≤ .001) and a recovery of thresholds in session
rec-w1 (P ≥ .116) and rec-w2 (P ≥ .774). The discrimination
threshold of d4 was signiﬁcantly reduced from the post to
rec-w1 session (P ≤ .007), and only recovered in rec-w2
(P = .290). For d5 we found a signiﬁcant reduction of
discrimination thresholds throughout all sessions from post
to rec-w2 (P ≤ .013). For all tested ﬁngers we found a
signiﬁcant decrease of discrimination thresholds from pre to
post-w4 session (Spearman-correlation: d1: r = −0.404, P =
.033; d2: r = −0.417, P = .027; d3: r = −0.587, P ≤ .001; d4:
r = −0.637, P ≤ .001;d5:r =−0.728, P ≤ .001;Figure 1(a)),
with lowest thresholds in post-w4 session (d1: 82.66±3.14%;
d2: 84.75 ± 4.84%; d3: 85.43 ± 4.95%; d4: 81.35 ± 6.17%;
d5: 77.91 ± 7.31%). Starting from session post-w4 there was
a linear increase of discrimination thresholds (Spearman-
correlation: d1: r = 0.581, P ≤ .001; d2: r = 0.712, P ≤ .001;
d3: r = 0.758, P ≤ .001; d4: r = 0.770, P ≤ .001; d5: r
= 0.655, P ≤ .001; Figure 1(a)), indicative of a recovery
to initial performance level, culminating in thresholds of
session rec-w2 (d1: 99.60 ± 10.27%; d2: 99.65 ± 8.32%; d3:
101.67 ± 6.12%; d4: 96.68 ±7.70%; d5: 91.95 ±8.37%).
At any session of the experiment, except the postsession,
we found a signiﬁcant correlation between the initial two-
point discrimination threshold of a ﬁnger (d1–d5) and
the according percentage gain in performance (Pearson-
correlations: r ≥− 0.461, P ≤ .005; post session: r
= −0.026, P = .884). Correlations of initial performance
level and session-speciﬁc improvement of single ﬁngers are
depicted in Figure 2.
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Figure 1: (a) Time course of the performance in the two-point
discrimination (2pd) test. Two-point discrimination thresholds of
all ﬁngers of the dominant hand (d1=thumb; d5=little ﬁnger)
averaged across subjects of the target group as obtained before
(pre), during (post-w2–post-w4) and after the rES (rec-w1–rec-
w2). There was a signiﬁcant decrease in thresholds from pre session
to post-w4 (Spearman correlation r ≥− 0.404, P ≤ .033), followed
by a recovery of thresholds from post-w4 to rec-w2 (r ≥ 0.581, P ≤
.001). Solid line gives the linear regression for average thresholds of
d1–d5 from pre session to post-w4 and dashed line gives the linear
regression from post-w4 to rec-w2. (b) Same as (a) for the subjects
of the control group, who received sham stimulation instead of rES.
The described decrease of discrimination thresholds
(Figures 1 and 2) in the ﬁrst four weeks of the experiment
(post—post-w4) and subsequent reversal in the ﬁfth and
sixth week (rec-w1—rec-w2) was accompanied by signiﬁcant
changes in d-prime discrimination indices of the subjects
of the target group but not for subjects of the control
group. There was a signiﬁcant interaction of the factorsNeural Plasticity 5
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Figure 2: Gain in tactile acuity as a function of baseline performance. Plotted are percent changes (respective post session compared to pre
session) in two-point discrimination (2pd) thresholds. (a) Although two-point discrimination thresholds of all ﬁngers were reduced after
the ﬁrst application of rES (post), no correlation between initial threshold level and gain in performance was found (Pearson-correlation, r
= −0.026, P = .884). In contrast, during succeeding sessions, a signiﬁcant correlation emerged, which was maintained up to 2 weeks after
termination of rES ((b) post-w2 (r = −0.499, P = .002); (c) post-w3 (r = −0.508, P = .002); (d) post-w4 (r = −0.545, P = .001); (e) rec-w1
(r = −0.461,P = .005); (f) rec-w2 (r =− 0.530, P = .001)).
SESSION and GROUP (repeated measures ANOVA) for
averaged d-prime values of the subjects’ right hand (F(6,54) =
10.443, P ≤ .001). Averaged d-prime values of the subjects
in the target group were 1.18 ± 0.08 in the pre session.A f t e r
starting the intervention this value increased signiﬁcantly
(Dunnett posthoc test) to 1.26 ± 0.15 (P ≤ .001) in session
post,1 .34±0.05 (P ≤ .001) in post-w2,1 .34±0.06 (P ≤ .001)
inpost-w3,and1.41±0.06(P ≤ .001)inpost-w4.Evenduring
the rec-w1 session we found an increased d-prime value of
1.18 ±0.04 (P = .050). The initial discrimination index level
was not reached until rec-w2 (1.13 ±0.06; P = .315).
Similar to the analyses of the absolute discrimination
thresholds we observed a signiﬁcant rise in discrimination
performance, that is, increased averaged d-prime values,
from session pre to post-w4 by means of correlation analyses
(Spearman-correlation: d1: r = 0.582, P ≤ .001; d2:6 Neural Plasticity
r = 0.504, P = .006; d3: r = 0.640, P ≤ .001; d4: r =
0.667, P ≤ .001; d5: r = 0.552, P = .002). On the other
hand there was no subsequent decrease of discrimination
thresholds from post-w4 to rec-w2 (Spearman-correlation:
d1: r = −0.643,P ≤ .001; d2: r =− 0.677,P ≤ .001; d3:
r=−0.800,P ≤ .001; d4: r =−0.761, P ≤ .001; d5: r =
−0.546, P ≤ .001).
3.2. Haptic Object Recognition Test. The ability to identify
cubic arbitrary objects by haptic exploration was quantiﬁed
by the average time to perform the test and the average
numbers of errors occurring during testing. The baseline
performance of subjects in both groups was compared
by means of two-tailed t-tests. We found no signiﬁcant
diﬀerencesininitialtimetoperformthetest(target:365.90±
50.24s; control: 299.17 ± 81.41s; P = .263) and initial
number of errors (target: 2.71 ± 1.45; control: 1.25 ± 0.50;
P = .102). There were signiﬁcant interactions for factors
SESSION and GROUP found in the analysis of time required
to perform the haptic test (F(6,54) = 3.555, P = .005).
Signiﬁcantchangesinvariabletimewereobservedinsubjects
of the target group but not in the control group. In the
target group the time to perform the test was reduced from
365.90 ± 54.24s in the presession to 266.57 ± 79.46s in post
(LSD posthoc test, P = .041), 259.71 ± 79.46s in post-w2
(P = .030),250.24 ± 83.07s in post-w3 (P = .019),222.14 ±
84.39s in post-w4 (P = .004),251.76 ± 110.95s in rec-w1
(P = .020) and 255.24 ± 108.46s in rec-w2 (P = .024).
In the control group the time to perform the haptic test
did not deviate signiﬁcantly from the presession (316.67 ±
84.25s, P ≥ .270). Average performance (time) is depicted
in Figure 3(a) for subjects of the control and the target
group.
The rmANOVA of the number of errors during the
performance of the test revealed group-speciﬁc diﬀerences.
We found a signiﬁcant interaction between the factors
SESSION and GROUP for the variable number of errors in
the haptic test (F(6,54) = 3.674, P = .004), with signiﬁcant
changes only in the target group. In the target group
the number of errors during the performance of the test
decreased from 2.71 ± 1.45 in the presession to 1.00 ± 0.88
in post (Bonferroni posthoc test, P = .007), 1.00 ± 1.00 in
post-w2 (P = .007),0.67 ± 0.61 in post-w3 (P = .001),0.24 ±
0.25 in post-w4 (P ≤ .001),0.81 ± 0.50 in rec-w1 (P =
.002), and 0.71 ± 0.40 in rec-w2 (P = .001). In the control
group the number of errors in performance of the haptic
test did not deviate signiﬁcantly from the presession (1.33 ±
0.47,P ≥ 1.000). Average performance (errors) is depicted
in Figure 3(b) for subjects of the control and the target
group.
3.3. Pegboard Test. Fine motor performance of the subjects
was investigated by means of a pegboard test. The baseline
performance in the standard version of the test (using long
pegs) showed no signiﬁcant diﬀerences as calculated by two-
tailed t-tests neither for the time to complete the test (target:
61.29±19.42;control:58.75±6.56;P = .810)norfornumber
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Figure 3: Haptic object recognition skills. (a) Percentage change of
the time to fulﬁll the haptic object recognition test averaged across
subjects of the target (bars) and control group (diamonds) relative
to their performance in the presession. Stars indicate signiﬁcant
changes (P ≤ .05). (b) Same as (a) for the number of errors in the
haptic object recognition test.
of errors (target: 0.00 ±0.00; control: 0.13 ±0.25; P = .200).
In the data we found a tendency for group-speciﬁc diﬀer-
ences for time (rmANOVA, SESSION∗GROUP, F(6,54) =
2.259,P = .051). The posthoc test for data of the target
group revealed a signiﬁcant reduction for variable time from
presession (61.29 ± 19.42s) to post-w4 (48.21 ± 6.59s, LSD
posthoc test, P = .023). Data obtained in all other sessions
did not change signiﬁcantly from the initial level (P ≥ .064).
For the variable number of errors of the same test we found
group-speciﬁc diﬀerences (rmANOVA, SESSION∗GROUP,
F(6,54) = 8.034, P ≤ .001). Subsequent analysis of data
showed no signiﬁcant changes in number of errors for
data of the target group, as subjects had made no errors
in the pre session (LSD posthoc test, P ≥ .091). Data of
the control group on the other hand revealed a signiﬁcant
increase in number of errors from pre session (0.13 ± 0.25)
to post-w4 (1.13 ± 0.48, LSD posthoc test, P = .023).
All other sessions did not diﬀer from initial performance
(P ≥ .120).
The baseline performance in the demanding version of
the test (using short pegs) showed no signiﬁcant diﬀerences
as calculated by two-tailed t-tests neither for the time to
completethetest(target:95.93±22.15;control:98.75±11.89;Neural Plasticity 7
40
50
60
70
80
90
100
110
S
h
o
r
t
p
e
g
s
t
i
m
e
(
%
p
r
e
)
Post Post-w2 Post-w3 Post-w4 Rec-w1 Rec-w2
(a)
0
0.25
0.5
0.75
1
S
h
o
r
t
p
e
g
s
(
e
r
r
o
r
s
)
Pre Post Post-w2 Post-w3 Post-w4 Rec-w1 Rec-w2
Target group
Control group
(b)
Figure 4: Fine motor performance in pegboard testing. (a)
Percentage change of time to fulﬁll the pegboard test (short pegs)
averaged across subjects of the target group (bars) and control
group (diamonds) relative to their performance in the presession.
Stars indicate signiﬁcant changes (P ≤ .05). (b) Same as (a) for the
number of errors in the pegboard test.
P = .821) nor for number of errors (target: 0.79 ± 0.27;
control: 0.50±0.00; P = .066). With regard to time we found
signiﬁcant diﬀerences between the performance of target
group and control group (rmANOVA, SESSION∗GROUP,
F(6,54) = 2.330, P = .045), with signiﬁcant changes only
in the target group. The subsequent posthoc analyses of
data obtained in subjects of the target group revealed a
reduction of time needed from presession (95.93 ± 22.15s)
to post-w3 (75.43 ± 13.76s, LSD posthoc test, P = .029),
post-w4 (70.50 ± 12.25s, P = .007) and rec-w1 (75.57 ±
12.35s, P = .030). The performance in sessions post, post-
w2 and rec-w2 was on initial performance level (P ≥ .062)
(Figure 4(a)). The investigation of the variable number of
errors revealed no group-speciﬁc diﬀerences (rmANOVA,
SESSION∗GROUP, F(6,54) = 1.680, P = .144). The
posthoc test calculated on data of the target group showed
a signiﬁcant reduction in number of errors from presession
(0.79±0.27)topost (0.21±0.27,LSDposthoctest,P = .008),
post-w2(0.14±0.24,P =.003),post-w3(0.14±0.24,P =.003),
and post-w4 (0.21 ± 0.39, P = .008). Performance in rec-w1
and rec-w2 was on initial level (P ≥ .090). The performance
of subjects in the control group did not diﬀer signiﬁcantly
from presession (0.5 ± 0.0, LSD posthoc test, P ≥ .175)
(Figure 4(b)).
4. Discussion
Here we demonstrate that repetitive electric stimulation
(rES) applied to all ﬁngers of a hand on a bi-weekly
basis for 4 weeks evoked an improvement of sensorimotor
performance in neurologically healthy seniors aged 60 to 85
years that was maintained for up to 2 weeks after the end
of intervention. On average, tactile acuity of the ﬁngertips
as estimated by two-point discrimination thresholds was
signiﬁcantly improved for one week after the last application
of rES. Tactile acuity of individual ﬁngers showed an even
longer lasting improvement up to two weeks. Generally, the
improvement of tactile performance accumulated gradually
over time and was also apparent in bias-free discrimination
indices. We found a baseline-dependency in all sessions
demonstrating an inverse relation of initial performance
and improvement after rES. In addition, haptic performance
was signiﬁcantly improved after repeated application of rES,
and the gain was maintained by the subjects within the
observation window up to 2 weeks after termination of rES.
Finally,ﬁnemotorperformanceofthesubjectswasimproved
depending on the diﬃculty level of the test, with minor
improvement in the standard test, but strong improvement
in the demanding test. Performance went back to initial
performance levels within one week.
4.1.RelationtoPreviouslyUsedStimulationProtocols. Several
years ago we had introduced a form of passive stimulation
called tactile coactivation where a patch of skin was repeti-
tively stimulated to induce plastic changes in somatosensory
cortex in parallel to changes of tactile perception [37].
The basic idea behind this design was to coactivate a
large number of receptive ﬁelds on the tip of the index
ﬁnger in a Hebbian manner in order to strengthen their
mutual interconnectedness (see [35] for review). Since then
a number of modiﬁcations have been implemented to
increase magnitude and stability of eﬀects while at the same
time reducing the time of intervention [26, 38, 39, 43,
44].
When tactile coactivation was applied to a single ﬁnger
for 3 hours, an improvement of tactile acuity of about
13% was reported that was reversible within 24 hours [38].
Extending the tactile coactivation to all ﬁngers of a hand for
3h o u r s ,w ew e r ea b l et oe v o k ea na v e r a g ei m p r o v e m e n to f
tactile acuity of about 20% immediately after application,
of about 9% after 24 hours and of 5% after 96 hours [44].
These ﬁndings indicated synergistic eﬀects of stimulating
all ﬁngers of a hand simultaneously. Later studies adapted
intermittent high-frequency stimulation protocols usually
used in experiments with brain slices to induce long-term
potentiation of synaptic transmission. For example, applying
20Hz trains of tactile stimuli once per second with intertrain
intervals of 5s to the tip of the index ﬁnger led to an
improvement of about 16% after termination of stimulation
and a signiﬁcant improvement of 10% 24 hours later,
indicating delayed recovery [43]. For a comparison of the
outcome of diﬀerent stimulation protocols on tactile acuity
see Figure 5.8 Neural Plasticity
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Figure 5: Stability of improvement of tactile acuity following
diﬀerent repetitive stimulation paradigms. The magnitude and the
stability of the improvement of tactile acuity crucially depend on
the stimulation protocol. Studies 1 [38], 2 [44], and 3 [43]w e r e
conducted in young subjects, whereas studies 4 [26] and 5 [the
present work] were conducted in healthy elderly individuals. In
studies 1, 2, and 4 an irregular stimulation was used for 3 hours,
with stimuli drawn from a Poisson process and thresholded for a
minimal interstimulus interval (ISI) of 100ms, and maximal ISI
of 3000ms. Studies 3 and 5 used a high-frequency intermittent
stimulation for 20 or 30 minutes, that consisted of stimulus-
trains of 1s (single pulse-duration: 0.2ms @ 20Hz) and intertrain
intervalsof5s.Instudies1and3,stimulationwasappliedtoasingle
ﬁnger (index ﬁnger), while studies 2, 4, and 5 used multiﬁnger
stimulation (data of index ﬁnger is shown here). Study 5 featured
electrical instead of tactile stimulation. Missing data points (study
3: “4days”, study 5: “1day”, “4days”) were linear interpolated.
Evidence from fMRI and SEP measurements demon-
strated that the underlying neural changes induced by
coactivation are localized in somatosensory cortex [38–40].
Most importantly, combined assessment measuring tactile
acuity and the cortical reorganization, it was found that
the change in discrimination abilities could be predicted
by the changes of the SEP-dipole localizations in SI [38,
40] or by changes in the cortical activation as measured
as a blood oxygenation level-dependent (BOLD) signal
using fMRI [39]. In all cases, the amount of perceptual
gain resulting from this procedure linearly correlated with
the amount of cortical reorganization suggesting a causal
relation.
4.2.rES,ImprovementofSensorimotorPerformanceandReha-
bilitation. Stimulation based on rES overcomes technical
limitations associated with prior mechanical stimulation
paradigms like limitations of stimulation intensity. Most
importantly, rES activates Ia large muscle aﬀerents, group Ib
aﬀerents from Golgi organs, group II aﬀerents from slow and
rapidly adapting skin aﬀerents and cutaneous aﬀerent ﬁbers
[48, 49], what is in contrast to tactile stimulation, which is
basically transmitted via Meissner or Merkel receptors. This
becomes particularly important when working with elderly
individuals, as the number of mechanoreceptors decreases
during aging [5–9], complicating the eﬃcacy cutaneous
stimulation.
Besides investigations in healthy subjects [50–54]m a n y
attempts have been made to explore the eﬃcacy of rES-
like stimulation as therapeutical intervention in chronic
stroke patients [55–66]. In these studies stimulation was
applied according to various protocols. The duration of
stimulation varied between 20 minutes and 2 hours per
day, whereas the duration of the whole intervention ranged
from a single application to 8 weeks of repeated application.
The stimulation sequences in most cases used repetitive
square pulses in a frequency range of 1Hz to 100Hz, with
higher frequencies applied more often. A number of clinical
methods (SEP, MEP, fMRI) and functional assessments of
sensorimotor performance was used and revealed speciﬁc
changes following the respective intervention. Wu and co-
workers, for example, demonstrated the eﬀects of electric
stimulation applied to a paretic limb in chronic stroke
patients. As a result, hand function as estimated by means
of the Jebsen-Taylor Functional Hand Test improved signiﬁ-
cantly after stimulation [60]. These results are in accordance
with our own ﬁndings obtained in chronic stroke patients
[66] and acute stroke patients [64], where we found a
signiﬁcant improvement of tactile and sensorimotor perfor-
mance including haptic object recognition and ﬁne motor
performance following a therapeutical intervention based on
rES applied daily over several weeks. Our present data show
that eﬀects of rES can be maintained at least for up to 2
weeks. It appears conceivable to assume that longer periods
of repeated application of rES would make the eﬀects even
more durable. In a recent study in chronic stroke patients
individuals were treated with rES for 4 days a week for 6
weeks, which led to a signiﬁcant improvement of sensory
and motor performance of the aﬀected hand. Remarkable,
after a follow-up of 6 weeks, the same magnitude of bene-
ﬁcial eﬀects of rES on sensorimotor performance could be
recorded [66]. In another study on subacute stroke patients,
daily application of rES over 4 weeks induced beneﬁcial
eﬀects on sensorimotor performance that were preserved
even after 3 months of follow-up [64]. Accordingly, there
is converging evidence that rES-induced aﬀects can be quite
long-lasting.
Possible mechanisms of rES-like stimulation engaged
in the sensorimotor improvement include facilitation of
sensorimotor integration in the relevant brain networks by
increasing cortical excitability and neural activity [67]w h i c h
is in line with our ﬁndings based on tactile stimulation
studies in humans [35, 38, 39]. Alternative interpretations
refer to interhemispheric competition models for sensory
and motor processing [68, 69] utilizing upregulation of
excitability within the stroke-aﬀected hemisphere or down-
regulation of excitability within the unaﬀected hemisphere
[65]. However it has been demonstrated that rES-like
paradigms in combination with motor training facilitate the
beneﬁcial eﬀects of rehabilitative treatments [62], making
these approaches prime candidates for future therapeutic
interventions.Neural Plasticity 9
5. Conclusion
In our study we showed that repeated application of
repetitive electric stimulation (rES) to all ﬁngers of a hand in
elderly subjects is a promising tool for the improvement of
tactile acuity, haptic, and ﬁne motor performance. The gain
in performance was maintained throughout the observation
window of 2 weeks after rES intervention. These ﬁndings
corroborate earlier ﬁndings about a close interconnectedness
of the somatosensory and motor system. Moreover, our data
provide further support for the suitability of rES paradigms
for maintenance of sensorimotor performance in elderly
individuals, and its therapeutic potential for restoration of
sensorimotor functions in patients.
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